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論 文 内 容 要 旨          
Hydrogen (H2) sensor is one of the most important factors that affect the development of the green and renewable H2 energy. 
Both the Mazda and Honda manufactured hydrogen fuel automobiles in 2006, the Mazda RX-8 Hydrogen RE and the Honda 
FCX Concept, respectively, creating a new era of H2 energy usage in our daily life. For the development of hydrogen fuel 
automobiles, H2 sensors that are capable to operate in harsh environment, such as high temperature and corrosive conditions, 
are required to monitor the automotive exhaust, the engine, and the leakage. But H2 sensor suitable for harsh environment is 
lacked.  
Recently, the wide band gap GaN semiconductor has attracted much attention for H2 detection since it is capable to operate 
at high temperature of 400oC while the most widely used silicon semiconductor is limited to 150 oC. Moreover, the GaN is also 
highly inert to most corrosive chemicals. The current research on the GaN film, nevertheless, exhibits high limit of detection 
(LODH2), long response time τ, and high power energy consumption. The GaN nanostructure is regarded as a promising 
approach to enhance the H2 detection performance. The current researched GaN nanostructures, such as the nanowire and the 
nanocolumn, are separated nanostructures, which are of great difficulty to fabricate to electrical devices. From the aspect of 
commercialization, the GaN nanostructure should be easy to process. Therefore, it is of great importance to develop an 
easy-processable GaN nanostructure and investigate its H2 detection performance. In addition, with the development of 
wireless sensor network, a highly compact monolithic H2 sensor with small size, low power consumption, and mass production 
is highly desired.  
This work mainly focuses on the growth of a novel GaN nanostructure namely the honeycomb GaN nanostructure and on 
the investigation of the H2 sensor based on the novel GaN nanostructure. Moreover, a highly compact monolithic H2 sensor was 
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proposed and developed using the micro-electro-mechanical systems (MEMS) technology.  
Shivaprasad et al firstly discovered the epitaxial growth of a honeycomb GaN nanonetwork on the sapphire (Al2O3) 
substrate. Almost at the same time, I epitaxially grew a honeycomb GaN nanostructure on the Si (111) substrate, which is 
compatible with the mature Si micromachining technology. Under N2 rich growth condition, GaN was grown in 3-dimentional 
mode to the honeycomb GaN nanonetwork using molecular beam epitaxy (MBE) in chapter 2. Different from the separated 
GaN nanowire, the honeycomb GaN nanonetwork is continuous in the lateral direction, making it in-plane electrically 
conductive, which is of great importance for electrical device fabrication. The surface area to volume ratio (SA/V) is 0.034 
nm-1, 17 times larger than the GaN film. X-ray diffraction (XRD) pattern was measured, indicating hexagonal GaN with high 
C axis orientation. The full width at half maximum (FWHM) of the rocking curve is 48 arc min, suggesting high crystallinity. 
Basing on the lattice constants a=3.193 and c=5.182 Å measured from the XRD result, the stress inside the honeycomb GaN 
nanonetwork was calculated. The in-plane stress  and out-plane stress  of the honeycomb GaN nanonetwork were 
evaluated, 0.55 and 0.22 GPa, respectively. In comparison with the GaN film, the stress of the nanonetwork is one order 
smaller. Photoluminescence measurement was also carried out, exhibiting strong near-band-edage emission at 364.8 nm, 
which indicates high optical quality. Moreover, the polarity was evaluated using chemical etching, suggesting the Ga-polar 
GaN growth on the Al-polar AlN buffer layer. Similar to the GaN nanowire, the honeycomb GaN nanonetwork is free of 
dislocation according to the transmission electron microscopy (TEM) measurement. Through adjusting the N/Ga ratio, the size 
of GaN nanowall can be controlled ranging from 30 nm to 200 nm. Because of its high quality and large SA/V as well as 
in-plane electrical conduction, therefore, the novel honeycomb GaN nanonetwork is promising for nano H2 sensors. 
On the honeycomb GaN nanonetwork, a Pt/GaN Schottky didoe type nano H2 sensor was fabricated and investigated in 
chapter 3. When the Pt/GaN Schottky didoe is exposed to H2 gas, the Schottky contact Pt dissociates the H2 molecule to H 
atoms. Some of these H atoms are absorbed in the Pt/GaN interface and change to the H dipoles, resulting in the decrease of 
the Schottky barrier, basing on which the H2 gas is detected. From the SEM images and current-voltage (I-V) measurements, 
the Pt/ honeycomb GaN nanonetwork Schottky diode could be regarded as one H2 sensor element comprised of nano-Schottky 
diodes in parallel. The barrier height and ideality factor for the nano Schottky diode are 0.497 eV and 38.5, respectively. A 
columnar model with metal core and semiconductor shell was proposed for the one-dimensional nano Schottky diode on the 
honeycomb GaN nanonetwork. The dependences of the electric field and the barrier width on the nano Schottky diode size “a” 
were investigated by solving the Poisson equation and the Gauss’s law. From this model, it is observed that when the size 
“a” >lc (characteristic length), the Schottky diode is independent of the size “a” and it is regarded as a “large” Schottky diode. 
On the other hand, when the size “a” < lc, both the barrier width w and electric field are profoundly affected by the size “a”. 
For the GaN with carrier concentration of 8×1016 cm-3, the lc is 77 nm.  This Schottky diode on honeycomb GaN nanonetwork 
? 18 ?
is able to perform well at room temperature in detecting hydrogen gas with concentrations from 320 to 10,000 ppm. Because 
of its in-plane electrical conductivity, a two-mask process without any nanofabrication equipment is enough for the fabrication 
of the H2 nano-sensors on the honeycomb GaN nanonetwork, which is as easy as that on a GaN film.  
In order to better investigate the H2 sensors on the honeycomb GaN nanonetwork, comparative study of the H2 sensors on 
the honeycomb GaN nanonetwork grown by MBE and on the planar GaN film grown by Metal Organic Chemical Vapor 
Deposition (MOCVD) was carried out. The Pt/planar GaN film Schottky diode was well fabricated with Schottky barrier  
of 0.53 eV and ideality factor  of 3.03. In 1% H2 gas, the Schottky barrier decreased to be 0.43 eV. The H2 sensor on the 
planar GaN film shows response time τ of 80 s (10,000 ppm) and 2,000 ppm limit of detection for hydrogen gas (LODH2) at 
373 K. For the Schottky diode on the honeycomb GaN nanonetwork, the Schottky barrier heights in air and in 1% H2 were 
0.497 and 0.454 eV, respectively. A significant improvement in H2 detection is observed. The characteristics of the H2 sensor on 
the honeycomb GaN nanonetwork were quantitatively studied in comparison with that on the planar GaN film. The response 
time τ is shortened by a factor of 27 (3 s versus 80 s). In particular, the LODH2 is lowered by two orders of magnitude, from 
2,000 to 50 ppm. Moreover, the operating temperature could be reduced to room temperature. The 50 nm thick Pt Schottky 
contact deposited on the honeycomb GaN nanonetwork is a nanonetwork with SA/V of about 0. 1 nm-1, five times larger than 
that of the Pt film on the planar GaN film (0.02 nm-1) with the same thickness. The lower LODH2 of 50 ppm is attributed to the 
larger SA/V. H2 sensing performance at 303, 340 and 373K were measured to evaluate the H2 sensor activation energy . 
Through analyzing the transient-state, the activation energies  for the H2 sensors on the planar GaN film and on the 
honeycomb GaN nanonetwork were evaluated, 6.22 and 2.4 kcal/mol, respectively. The reduced activation energy  from 
6.22 to 2.4 kcal/mol is regarded as the reason that leads to the superior H2 detection of the honeycomb GaN nanonetwork in 
terms of response time τ and operating temperature. The significant reduction of the activation energy  for the nano H2 
sensor is applicable to explain the general phenomenon that the operating temperature of the H2 sensors on various nano 
materials could be lowered to room temperature while their corresponding planar films require an elevated operating 
temperature. Through analyzing the steady-state, the relationship between H2 concentration and Voutput was developed. Because 
of its superior performance as well as easy fabrication, it is possible that the nano H2 sensors on the honeycomb GaN 
nanonetwork could operate for real world applications to detect low H2 concentration at a wide operating temperature range. 
In addition to the popular three “S” namely stability, sensitivity, and selectivity, H2 sensors with low power consumption, 
mass production, and small size are desired to meet the demands of a future H2 economy. In chapter 5, a monolithic H2 sensor 
on the honeycomb GaN nanonetwork was proposed and fabricated basing on the MEMS technology. Because an elevated 
temperature is needed for hydrogen sensing, typically 100 to 200oC, a Pt resistor was introduced as a micro-heater. To improve 
the reliability, a reference sensor is usually needed to compensate the environment fluctuations, such as the temperature and the 
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moisture fluctuations. Since it is difficult to seal a Pt/GaN Schottky diode and use it as a reference sensor, here, an Au/GaN 
Schottky diode was employed as the reference sensor. Therefore, a Pt/GaN Schottky diode H2 sensor, an Au/GaN Schottky 
diode reference sensor, a Pt micro-heater and a resistive temperature detector (RTD) were integrated in the monolithic H2 
sensor. The H2 sensor and the reference sensor were arranged in a wheat-stone bridge. In this work, two types of Pt resistor 
with different designs, namely type I and type II were designed and studied. To reduce the heat conduction through Si substrate, 
the beneath Si was etched by inductive coupled plasma reactive ion etching (ICP-RIE), generating a suspended honeycomb 
GaN nanonetwork. The Pt micro-heater on the suspended GaN has high heat efficiency. To elevate the monolithic sensor to the 
typical operating temperature of 200oC, the power consumptions for type I and type II are 63 mW and 21 mW, respectively. 
Considering the suggested power consumption of < 100 mW for the H2 sensor, both designs can meet this low power 
consumption requirement. The heating time and the cooling time for the micro-heater (between 419oC and 43oC) are short, 2.3 
ms and 2.5 ms, respectively. At the same time, the resistance of the Pt resistor has a strong linear dependence on the 
temperature in the range from -200oC to 600oC, basing on which it is used as a well-known RTD. In this monolithic H2 sensor, 
thus, the Pt resistor is employed as both a micro-heater and a RTD. The temperature coefficient of resistance (TCR) was 
evaluated to be 19.11×10-4/ oC. Moreover, the feasibility of the Au/GaN Schottky diode as a reference sensor was evaluated. As 
a reference sensor the Au/GaN Schottky diode should be low sensitive to the H2 gas and effective to compensate the 
environment fluctuations. After exposing to the same H2 concentration, the reference sensor has low sensitivity to the H2 gas, 
about 1/15 of the H2 sensor. In the temperature fluctuation test, the reference sensor could suppress the temperature fluctuation 
effect to 1/5. Therefore, it is feasible to employ the Au/GaN Schottky diode as a reference H2 sensor. For this monolithic H2 
sensor integrated with a reference sensor, a micro-heater and a RTD, the overall size is 2mm × 3mm. In addition, basing on the 
MEMS technology the monolithic H2 sensor is mass productive. On a 2cm × 2cm chip, there are 32 monolithic H2 sensor 
arrays. Therefore, on the honeycomb GaN nanonetwork, a low power consumption, small size, and mass productive 
monolithic H2 sensor was obtained using MEMS technology.   
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